The centrosome serves as the main microtubule-organizing center in metazoan cells, yet 2 despite its functional importance, little is known mechanistically about the structure and 3 organizational principles that dictate protein organization in the centrosome. In particular, the 4 protein-protein interactions that allow for the massive structural transition between the tightly 5 organized interphase centrosome and the highly expanded matrix-like arrangement of the mitotic 6 centrosome have been largely uncharacterized. Among the proteins that undergo a major 7 transition is the Drosophila melanogaster protein centrosomin that contains a conserved 8 carboxyl terminus motif, CM2. Recent crystal structures have shown this motif to be dimeric and 9 capable of forming an intramolecular interaction with a central region of centrosomin. Here we 10 use a combination of in-cell microscopy and in vitro oligomer assessment to show that 11 dimerization is not necessary for CM2 recruitment to the centrosome and that CM2 alone 12 undergoes a significant cell cycle dependent rearrangement. We use NMR binding assays to 13 confirm this intramolecular interaction and show that residues involved in solution interactions 14 are consistent with the published crystal structure and identify L1137 as critical for binding. 15
The centrosome is composed of hundreds of proteins that coordinate with one another to 28 achieve a nucleation hub for microtubules that rearranges and duplicates as a function of the cell 29 cycle. Until quite recently, little molecular detail has been available about the protein-protein 30 interactions that regulate and organize this complex coordination. Several key proteins were 31 identified decades ago via genetic interaction studies(1-4), including the Drosophila 32 melanogaster proteins centrosomin (CNN), SPD-2, asterless, and pericentrin-like-protein (PLP), 33 all of which are required for proper recruitment of the microtubule nucleation component γ-34 tubulin. Although once thought to be amorphous, super-resolution light microscopy has shown 35 that the electron dense cloud that surrounds the centriole (peri-centriolar material or PCM) is 36 organized into distinct protein domains (5-7). One set of proteins, including asterless and PLP, 37 form a toroidal shape that remains close to the centriole wall throughout the cell cycle. A second 38 set of proteins, including SPD-2 and CNN, also forms a ring around the interphase centriole but 39 upon entrance into mitosis this expands outward from the centriole wall to form a much larger 40 centrosome matrix containing the bulk of CNN and γ-tubulin. These distributions suggest the 41 presence of discreet molecular interactions that define the interphase centrosome by tethering 42 proteins, PLP, CNN, etc. at the centriole wall and that these proteins then act as a nucleation 43 point for multivalent higher-order oligomerization of a subset of proteins at the onset of mitosis. 44
However, this idea has not been fully confirmed and little detail is known on a molecular level 45 about the interactions that would support interphase tethering or mitotic oligomerization. Recent 46 work on Caenorhabditis elegans proteins (Spd2 and Spd5) has put forward a model of phase separation as an organizing principle for the mitotic centrosome (8). These contributions, along 48 with yeast-two-hybrid data identifying a vast network of protein-protein interactions(9), begin to 49 highlight the specific and elaborate protein organization within the PCM, although much of the 50 underlying mechanistic detail is still lacking. 51
Of particular interest in this complex system is CNN as it takes on both a ring-like 52 distribution in interphase as well as a matrix-like role in mitosis. CNN and its human homologue, 53 CDK5RAP2, have consistently been identified as important for recruitment of the γ-tubulin ring 54 complex (2,10,11) with the related self-assembling Spd5 playing an analogous role in C. 55 elegans(12). Previous work has established that proper CNN recruitment is dependent on PLP(5), 56 however, it was unclear whether this was through a direct interaction between the two proteins. 57
More recent work using yeast-two-hybrid experiments has shown there is indeed a direct 58 interaction between CNN's carboxyl terminus and PLP(13) but no in vitro characterization has 59 yet been performed. Meanwhile, crystallographic studies have revealed atomic details of a CNN 60 intra-molecular interaction(14). Both these interactions have been attributed to a conserved motif 61 at the carboxyl end of CNN, CM2. We sought to further probe CM2's role in the centrosome in 62 the hopes of understanding how it functions in these interactions and to shed light on the overall 63 principles governing protein organization in the centrosome. 64 CNN contains two highly conserved motifs, the first of which, CM1, is near the amino 65 terminus (Fig1A) and has been shown to interact with the γ-tubulin ring complex(11). The 66 second motif, CM2, is positioned near the carboxyl terminus (Fig1A). Recent work by Feng et 67 al. (14) revealed that Drosophila CM2 is dimeric, and identified key dimerization residues. Their crystal structures of CM2 show it is predominately helical and forms a complex with the middle 69 portion of CNN (aa490-544) that contains a leucine zipper (CNNLZ). Here we confirm the 70 dimerization in vitro, further define the requirements for dimerization, and analyze the 71 implications of oligomerization for recruitment to the interphase and mitotic centrosomes in 72 cells. By solution NMR we show that the CM2-CNNLZ complex forms in solution and that, in 73 vitro, CM2 is multifunctional, with the ability to bind a region from the middle of pericentrin-74 like-protein (PLP) as well as calmodulin (CaM), suggesting that these interactions are mutually 75 exclusive. To determine if both the monomeric and dimeric versions of CM2 are competent to be 122 recruited to the centrosome throughout the cell cycle, GFP fusions of both constructs were made 123 and transiently transfected into Drosophila Schneider 2 (S2) cells under the Sas6 promoter as 124 previously described(15). Cells were co-stained with anti γ-tubulin antibodies and DAPI, and 125 assessed for co-localization of GFP with γ-tubulin. In mitotic cells, both the monomeric and 126 dimeric constructs are capable of being recruited to the centrosome with co-localization seen in 127 95% and 90% of cells, respectively. 128 Structured Illumination Microscopy (SIM) was used to assess GFP distributions in higher 129 resolution at both interphase and mitosis. SIM images were aligned, averaged and fit with a 130
Gaussian to obtain a radial average using previously described methods(5). At interphase both 131 the monomeric and dimeric constructs have tight toroidal distributions similar to that of PLP 132 (Fig1D,F), peaking at around 148nm, as would be expected for an interphase interaction 133 between CM2 and PLP. On the other hand, during mitosis the monomeric and dimeric CM2 134 versions have both a larger radial average (164nm and 172nm, respectively) and a broader 135 distribution (Fig1E,F) similar to full length CNN. These data suggests that CM2 alone is 136 sufficient to integrate into the mitotic centrosome and, given the presence of endogenous CNN, 137 is consistent with an intramolecular interaction between CM2 and the middle region of CNN. 138
Though it had been known that full-length CNN underwent this change in distribution, our data 139 newly indicate that CM2 itself is important for CNN's recruitment both at interphase and at 140 mitosis. We note that the averaged monomeric CM2 distributions at mitosis and interphase show 141 a bright intensity at the center of the centrosome that does not appear in the dimer averages. 142
While the origins of this central peak are unknown, the overall behavior indicates that a dimer 143 interface is not necessary for recruitment although it may serve to increase the effective affinity. 144
The striking difference in organization at these two cell cycle stages is suggestive of distinct 145 molecular mechanisms, raising the possibility that two distinct binding partners maybe utilized to 146 mediate recruitment at different times in the cell cycle. 147
Previous yeast-two-hybrid studies have been instrumental in identifying interaction 148 partners critical for centrosome organization and for narrowing down the regions of interaction. 149
These studies have shown that CM2 interacts with PLP aa583-1376 and that this interaction is 150 not required for PLP recruitment to the centrosome but is essential for localizing PLP to 151 centrosome flares within the PCM matrix (13). To narrow down the region of PLP interacting 152 with CM2 and confirm that it is the CM2 region that is was responsible for both intra-and inter-153 molecular CNN interaction, a refined yeast-two-hybrid screen was carried out. These 154 experiments revealed that monomeric CNN was indeed capable of binding CM2 interaction 155 partners and identified a minimal interaction region between monomeric CM2 and the central 156 chemical shift perturbations is the very same region that changed upon dimerization. As 210 previously noted, this also corresponds to the dimer contact observed in the crystal structure. 211
Thus, binding to CNNLZ is sufficient to stabilize dimer formation even in the truncated CM2. 212
The third patch is close to the C-terminus and includes several well-conserved 213 hydrophobic residues (I1130/L1131/V1136/L1137). As shown by the crystal structure (Fig2F) 214 these residues are in a region buried in the interface between CM2 and CNNLZ. In particular, 215 we see shifts for the backbone 1 H N , 15 N resonances of I1130/L1131 and L1137, which are 216 located in close proximity to CNNLZ's L532 and L539 residues in the crystal structure (Fig2D, 217 inset). The importance of these residues is also consistent with Feng et al.'s mutation analysis in 218 cells showing that L532E and L539E mutants disrupt CM2's recruitment to the pericentriolar 219 material. Notably, the second patch is adjacent to the end of CNNLZ's structured region, leading 220 us to hypothesize that though not seen in the crystal structure, some portion of the remaining 23 221 residues of CNNLZ must be interacting with the CM2 patch II region. 222
Interestingly, addition of PLPMD results in significant peak shifts for a remarkably 223 similar set of CM2 residues. These residues map onto the same three patches (Fig2E), again 224 indicating that PLPMD stabilizes CM2 dimerization. Although there is no structural information 225 for PLPMD, it is predicted to contain a coiled-coil stretch (SFig4) according to the COILS 226 prediction server (http://www.ch.embnet.org/software/COILS_form.html). Thus, like CNNLZ, 227 PLPMD is presumably dimeric and contains a helical region that binds analogously to the same 228 residues in CM2 as does CNNLZ. Similar experiments using dimeric CM2 in the presence of 229 PLPMD and CNNLZ show significant reductions in peak intensities (SFig5), however, 230 localizing those changes to particular residues is difficult for the reasons mentioned above. 231
Together, these experiments indicate that two helical regions of CM2 not involved in 232 dimerization form a binding surface for both intramolecular interactions (CNNLZ) and 233 intermolecular interactions (PLPMD). 234
Because the human homologue of CNN, CDK5RAP2, contains a predicted CaM binding 235 site in its CM2 domain and immunoprecipitation experiments have confirmed this interaction 236 (16), we asked if Drosophila CM2 might also bind CaM using the same NMR assay, despite the 237 lack of a canonical CaM binding motif. In the presence of 20µM CaM and 2mM CaCl 2 the CM2 238 HSQC spectra shows significant perturbation (Fig3A, pink) . These shifts depend on CaM 239 concentration, and even at concentrations as low as 5µM, peak shifts can be measured (Fig3B) , 240
suggesting that the affinity of CaM for CM2 is quite high and significantly greater than either E. 241 coli produced CNNLZ or PLPMD. Mapping the chemical shifts onto the 5MWE crystal structure 242 reveals shifts concentrated in the same patches as in the presence of CNNLZ and PLPMD, as 243 well as additional shifts along the length of the helices. As the shifted regions are also consistent 244 with dimer interactions, we speculate that CaM is even more potent at dimerizing monomeric 245 CM2 than either CNNLZ or PLPMD. Our NMR chemical shift perturbations indicate CaM binds 246 the hydrophobic residues at the CM2 C-terminus. This is also consistent with the known 247 requirement for hydrophobic residues in calcium dependent CaM binding, though the patterning 248 of hydrophobic residues in CM2 is not ideal (17) To assess the effect of calcium on binding, 249 experiments were performed with 2mM EGTA added in place of 2mM CaCl 2 (Fig3A, purple) . 250
Under these conditions the chemical shift perturbations are significantly reduced but are not 251 completely absent. Based on comparison of chemical shifts under EGTA conditions and 252 titrations of CaM in the presence of calcium, we estimate that the apparent affinity in the absence 253 of calcium is reduced by 50-70%. As with PLPMD and CNNLZ binding, 15 N labeled dimeric 254 CM2 shows very significant reductions in peak intensity upon CaM addition for a number of 255 residues (SFig6), which are likely due to cross peak broadening. Though these experiments 256 support a calcium dependent CaM interaction, gaining a better understanding of the mechanism 257 and function of this interaction will require further structural and cellular studies. to glutamic acid is strongly disruptive of the hydrophobic pocket required for interaction but that 320 these residues are not actively involved in contacting CNNLZ. Rather, we show that mutation of 321 leucine 1137 alone can abolish recruitment in cells, an observation that is fully consistent with 322 our NMR data showing chemical shift changes for this residue when CM2 binds all three of its 323 interaction partners. 324
Taken together, our yeast-two-hybrid, cellular microscopy, SEC-MALS experiments and 325 NMR data support a model where CM2 plays distinct roles in interphase and mitosis through 326 interactions with several binding partners and that these are ultimately responsible for the 327 different phases of PCM establishment and expansion. We suggest that during interphase CNN is 328 tethered near the centriole wall via the interaction of CM2 with PLPMD and that upon transition 329 into mitosis the CNNLZ domain of this tethered protein serves as a nucleation point for the 330 formation of a multivalent higher-order assemblies mediated primarily by CM2-CNNLZ 331 interactions, likely in a phosphorylation-dependent manner. Our data suggest that both these 332 interactions exploit the same binding mode with CM2 in order to interact through the conserved 333 residue L1137. Though monomeric CM2 is sufficient to bind both CNNLZ and PLPMD, given 334 the importance of this single residue for both interactions, it is likely that dimeric CM2 is favored 335 in cells by providing increased affinity and refining localization. Furthermore, these data suggest 336 that PLPMD is likely to be a helical dimer that presents itself to CM2 similarly to CNNLZ. 337
Though we show convincingly that CM2 is also capable of interacting with CaM in a 338 calcium dependent manner, uncovering the functional role of this interaction will require further 339 investigation. Nevertheless, given the high affinity of CaM for CM2 and that HSQC spectra 340 implicate the same hydrophobic residues for all three interactions tested here, CaM may function 341 as a regulatory mechanism that modulates PCM assembly by competing with PLPMD or 342 CNNLZ for binding to CM2. 343 shifts were analyzed and plotted in R. Combined chemical shift were calculated using the 458 formula Δδ( 1 H) + Δδ( 15 N)/5 as described by Hajduk et al.(22) . 459 460 Acknowledgments 461 We thank members of the Huang and Agard lab for helpful discussions. We thank Wei Qiang 462 and Veronica Pessino in the Huang lab for help with cell sorting at various stages of the project. 463 Furthermore, we thank Jeffery G. Pelton for help and access to the Central California 900 NMR 464 facility as well as helpful advice from James Holton at early stages of the project. We thank 465
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